In order to discriminate non-specific toxicity from the early precursor lesions of neoplasia, emphasis in these studies has been on the use of models requiring only a single administration of chemical. Our interests have focussed on three neoplastic entities in the kidney, renal mesenchymal neoplasia, renal cell carcinoma, and nephroblastoma. Dimethylnitrosamine administered as a single intraperitoneal injection to immature female Wistar rats, pre-conditioned for several days with a no-proteidsugar-only diet, has been used for investigating the complex morphological nature of renal mesenchymal tumors, their pathogenesis and the development of cell culture correlates. The near 100% tumor incidence and its facility for cell culture manipulation makes this a particularly potent model for studying chemical carcinogenesis and the evolution of cell transformation. Discovery that the rat kidney response to DMN was biphasic with respect to the time of treatment led to the subsequent development ofa high incidence system for inducing renal adenocarcinoma, using older rats. Renal cell carcinomas could also bc induced in mice by a single intravenous injection of streptozotocin. The tumor frequency in female CBA./H/T6J mice was almost loo%, providing a new model for the investigation of renal carcinogenesis in this species. Nephroblastoma has been a poorly comprehended neoplasm in both lower animals and man because of the lack of a high incidence model in conventional laboratory mammals. Recently, we have exploited an increased spontaneous predisposition of the Nb rat to nephroblastoma using a single intraperitoneal dose of N-ethylnitrosourea in pregnant females on day 18 of gestation, producing a frequency of 50% for this tumor type. More potent howcver, was a system which utilized the partially inbred IIIVO/J strain of rabbit using the same carcinogen and transplacental route of administration. The resultant incidence of nephroblastomas in the progeny was in excess of 90%, and like their counterparts in man, the neoplasms developed rapidly and had a potential for distant metastasis. Each one of these animal models is suitable for the sequential tracing of tumor pathogenesis, and in depth analysis of the biochemical and molecular mechanisms involved in the initiation and formation of different types of renal cancer.
INTRODUC~ION
High incidence animal models of neoplasia are indispensable for acquiring an in depth understanding of the process of cancer induction. Chemical systems are particularly suitable for identifying the target cells of origin for various types of cancer, for tracing tumor pathogenesis in terms of the sequence of precursor lesions, for delineating strategies whereby this sequential process can be modified or reversed, and for defining the biochemical and molecular mechanisms involved in neoplastic transformation. The kidney is a complex organ comprising at least 20 different subpopulations of cells in mammalian species, so there is potential for the human counterparts (9, 1 3 , the status of this tumor type in other laboratory or domestic animal species is unknown. Embryonal tumors are represented by nephroblastoma, a neoplasm presumed to have its origin in metancphrogenic blastema. In man, this cancer is referred to as Wilms' tumor, implicating a capacity for bipotential differentiation of ncoplastic type into both epithelium and secondary mesenchyme. The term is not necessarily applicable to the embryonal tumors of animals, however, because in some species at least, nephroblastoma appears to be exclusively an epithelial neoplasm (1 1).
Work in our laboratory has aimed at devising potent animal models for all but one of the above tumor entities. In each case, the types of models sought have been high frequency tumor systems induced by a single administration' of chemical carcinogens in conventional laboratory mammals. Although this is not the mode of human exposure, at the experimental level, resolution of the essential precursor stages of carcinogenesis is best achieved without the perturbing pressures incurred by continued or repeated applications ofcarcinogen. Thus, single dose systems avoid repeated episodes of cytotoxicity and inflammation as well as the potential for toxicity-related modification of precursor lcsions. The ability to discriminate non-specific toxicity from the emerging precursor lesions that are destined to become overt cancer, permits more accurate establishment of the time of development for the interim lesions and thus a more finite delineation of the sequential stages in the carcinogenic process. Single dose systems can have further advantage in terms of a longer survival span for the animal from initiation of the cancer process to death, providing a more prolonged period available for tumor progression to secondary invasion.
RENAL MFSENCHYhlAL TUMOR IN THE RAT
Following Magee and Barnes' observation in 1962 (37) that dimethylnitrosamine (DMN) sometimes induced kidney tumors in rats after only one injec-tion, Swann and McLean (45) demonstrated the enhancing capacity of a no protein-high carbohydrate diet for renal tumor induction, leading to the basis of a high frequency system for RMT (40) . Pretrcatment with the special diet decreases microsomal enzyme activity in the liver and increases the amount of DMN reaching the kidney and other extrahepatic organs (45, 46) . Under this regime the LD5O for DMN is almost doubled (41) , enabling a higher dose to be administered to the animal which results in a substantially increased tumor yield. Thus, a sin& intraperitoneal injection of 60 mg/kg body weight DMN administered to immature rats 3 to 5 days after commencement of a diet consisting solely of a glucose/sucrose mixture can produce a 100% incidence of renal tumors of which the great majority are RMT (20) . In fact between 90 and 100% of affected rats develop this tumor type, but 40% or less also develop cortical epithelial tumors. Susceptibility to the chemical induction of RMT is agedependent with a peak of predisposition at 3-4 weeks, but declining rapidly after 6 weeks of age (10). Four-to six-week-old female Porton albino and Charles River Wistars have been the main outbred stock used in studies on RMT, although inbrcd strains such as the Fischer-344 and Nb rat (17) are also highly susceptible to RMT induction by DMN.
RMT has been the subject ofmuch confusion with respect to diagnosis and classification, the literature revealing no less than 13 synonyms for this complex neoplasm (1 5). Most commonly, RMT is mistaken for an embryonal kidney tumor and misclassified as nephroblastoma or Wilms' tumor. It is, however, a distinct entity unrelated to nephroblastoma. Some distinguishing features of the two tumor types are listed in Table 11 .
RMT is a very heterogeneous connective tissue neoplasm consisting always of a range of mesenchymal cell types that reflect origin in a multipotential stem cell (Fig. 1 ). The confusion with nephroblastoma arises because all of these tumors contain epithelial components such as cysts, tubule profiles, mature glomeruli or islands of urothelium, all of which represent remnants of pre-existing nephrons or epithelial lining. The non-neoplastic origin of epithelium in RMT has been clearly demonstrated by sequential and electron microscopic studies of developing RMT (21-23). The basic tumor cell is a fibroblastic spindle form which' can be organized as fibrosarcoma, but other neoplastic types invariably present are stellate cells, often arranged in a reticular pattern as primitive mesenchyme, and smooth muscle fibers which can be sporadic or form areas of leiom yosarcoma. Quite frequently, areas of true vascular neoplasia such as hemangiosarcoma are prom- is the reason for the progressive isolation of preexisting tubules, glomeruli, and urothelial lining, some of which are able to survive within the neoplastic tissuc.
The DMN model has been used to trace sequentially the pathogenesis of RMT (21, 22). Our results indicate that the neoplasm usually develops near the corticomedullary junction ( Fig. 2) , one of the most likely candidates for cellular origin bcing the fibrocytc which resides in the cortical interstitium. This cell-type, along with vascular endothelium of the cortical peritubular capillaries, is injured during the kidneys' acute response to DMN (32), and so is a specific early target of the carcinogen's action.
In addition, the DMN-RMT system has led to the establishment of cell culture correlates of renal carcinogenesis. Not only has the induced RMT provided malignant tumor cell-lines for study (1 8), but, via the irt vivh-in vitro cell culture system, transformed cell populations have been developed from kidneys of rats treated only a few hours previously with DMN (1 9, 3 1). These transformed cell-lines arc homologous with the tumor lines in terms of morphology, behavior, molecular phenotype, and cytogenetics, despite the temporal difference in their derivation (30). The ability to establish malignant cell lines from the kidneys of DMN-treated rats long before tumor formation indicates that target cells already committed to the process of transformation are present in those organs very shortly after the administration of DMN. This in vitro system therefore provides a unique opportunity for studying the evolution of transformation in terms of molecular events and changes, in a way which can be correlated to the process of cancer induction in vivo.
Although there is no human tumor which appears to display the entire histological complexity of RMT, the counterpart in man may be reflected in several tumor types. In the small proportion of Wilms' tumors which comprise bipotential differentiation into neoplastic secondary mesenchyme as well as blastema and epithelium (3), there is a similarity between rat RMT and the human connective tissue component by virtue of the range of neoplastic cell types which includes spindle cells, smooth muscle, and striated muscle fibers in both species. Probably more closely related is congenital mesoblastic nephroma of infancy (4), a solely mesenchymal tumor which displays a very similar heterogeneous profile to RMT, including fibroblastic spindle cells, smooth muscle, and sequestered remnants of pre-existing tubules. Finally, the histological appearance of bone- metastasizing renal tumor of childhood (39) , otherwise known as clear cell sarcoma of kidney (2), is similar to aspects of RMT in consisting of sheets of mesenchymal cells supported by a rich vascular network, but also with a tcndency for heavy collagen deposition, liquefaction, and inclusion of tubular and cystic profiles. Although the apparent counterparts of rat RMT are uncommon to rare in man, the potency of the DMN-induced tumor system and the facility for cell culture manipulation, makes this an ideal model for studying chemical carcinogenesis in general, and particularly mesenchymal carcinogenesis. The tumor model could also shed an important perspective on the relationship of mesenchymal kidney tumors of childhood to the Wilms' tumor complex in man.
RENAL CELL CARCINOMA
Although there are a number of rodent models for the study of cortical epithelial tumors which depend on repeated or continuous administrations of carcinogen, including N-nitrosomorpholine (l), N-ethyl-N-hydroxyethylnitrosamine (33) , and N-(4'fluoro-4-bipheny1yl)acetamide (34) in rats, and diethylstilbestrol in hamsters (36) , single dose models have not been fully developed in the rodent and high incidence systems are lacking in the mouse. In recent years, our laboratory has therefore investigated methods for producing high frequency single dosc models for renal cell tumors in both rats and mice.
DMN-Induced Renal Adenocarcinonia in the Rat. As discussed earlier, DMN in the immature rat induces a low incidence of cortical epithelial tumors as well as the predominant mesenchymal tumor. This has not been a consistent response however because one previous study using neonatal rats reported the induction of only RMT by DMN (47) , while another utilizing 5 month old animals encountered epithelial tumors of the renal parenchyma exclusively (42). This discrepancy prompted an investigation into the age-dependency of the two tumor types using DMN in the protein-deprived rat model (10). The results clearly demonstrated a biphasic distribution of the renal tumor types, with RMT affecting the immaturc rat and renal cell tumors increasing in frequency and becoming the predominant tumor type in the more mature animal. This knowledge has been used to develop a singledose high incidence system in the rat for adenoma-Vol. 14 adenocarcinoma by combining a strain that was highly sensitive to the carcinogenic effect of DMN, with an age of treatment favoring the induction of epithelial tumors of macroscopic dimensions rather than microscopic proliferation. Using the outbred female Crl:(W)BR (Charles River Wistar), DMN at a dose of 30 mg/kg body weight administered intrapcritoneally at 9-10 weeks of age following a 5day schedule of high sugar-no protein diet, resulted in approximately a 90% incidence of cortical epithelial tumors with a 70% frequency of lesions classifiable histologically as adenocarcinomas or carcinomas (13). DMN-induced cortical epithelial neoplasms are typical of this tumor type in the rat, consisting of clear or granular cells arranged in acinar, papillary, or solid carcinomatous patterns (Fig. 4) . Ultrastructurally the tumors identify with the proximal tubule, displaying brush border ( Fig. 5 ) which often is located at inappropriate sites such as intracytoplasmic invaginations (24). Adenocarcinomas are preceded usually by microscopic foci of solid epithelial proliferations within the cortex resembling carcinoma iri sitit (Fig. 6 ). They involve the convoluted segments ofproximal tubules (25), a region ofthe nephron known to be injured by DMN shortly after treatment (32).
One unusual feature compared to other systems of renal adenocarcinoma induction is the relatively high incidence of metastatic invasion, almost 50%, in rats with large neoplasms. Statistical evaluation of the data generated in our recent study (13) indicated that there was a definite correlation between both the parameters of tumor size and length,of survival of the rat on the one hand, and distant invasion usually to the lungs, on the other. This result seems to indicate that attainment of a critical size is important for expression of overt malignant behavior and that a prolonged period of time is necessary to achieve that extent of growth. The single-dose model appears to maximize the time available for the critical dimensions to be reached. Clearly, the results prove that macroscopic cortical epithelial tumors have malignant potential and that the terms adenocarcinoma or carcinoma constitute appropriate nomenclature for these lesions.
Slreptozotocin-Itidttced Renal Carcinoma ill the Moiae.
In contrast to the rat, very few chemicals have been associated with renal cell tumor formation in mice, and then only in low numbers (16). Our attention was drawn therefore, to studies on the in vivo transplantation of pancreatic islet cells by Mandel and coworkers (38) who observed incidentally, a high rate of renal tumor induction in a very 118 HARD TOXICOLOGIC PATHOLOGY small group of mice rendered diabetic with a single dose of streptozotocin (SZ). Because this compound was also an effective single-dose carcinogen for the rat kidney (43) , the prospect of utilizing it for developing a high-frequency model for renal cell tumors in the mouse seemed reasonable. Our subsequent study (14) demonstrated that a single, intravenous injection of 250 mg/kg body weight SZ administered to 6-week-old females of the CBA/H/T6J strain resulted in almost a 100% frequency of epithelial tumors of the cortical parenchyma, of which there was a 60% incidence of lesions histologically classifiable as renal cell carcinoma. The neoplastic lesions ranged from small papillary or cystopapillary adenomas of benign appearance ( Fig. 7) , to large solid carcinomas which possessed a moderate potential for metastasis at the upper end of the size range. Certain morphological differences could be noted betyeen the renal cell tumors of rat and mouse. In our series for instance, the clear cell variant of renal carcinoma, frequent in both rat and man, was absent. In addition our study suggested that the carcinomas might consistently develop by way of the papillary or cystopapillary adenomas as solid proliferations of more pleomorphic cells within those bcnign appearing lesions. Thus, administration of SZ to mice establishes the first suitably potent model for conducting analytical studies on renal carcinogenesis in this species.
NEPHROBLASTOMA
The fact that there has been no system utilizing conventional laboratory mammals for producing a high incidence of nephroblastomas has undoubtedly hampered full comprehension of the Wilms' tumor complex in man. Nephroblastomas have been produced in high incidence in domestic chickens by substrains of the avian myeloblastosis virus (49) , but there is no indication that the human tumor complex has a viral etiology. Additionally, a 30% frequency rate has been encountered in the North American opossum by postnatal administration of N-ethylnitrosourea (ENU) to fetuses camed in the marsupial pouch (35) . Such an incidence is too low for expe.rimcnta1 manipulation and again, the species poses problems with respect to availability and husbandry.' Consequently, our goals have included the seeking of high incidence, single dose models for this renal tumor in laboratory mammals of conventional type.
N-Etliylnitrosourea-Induced Ncpliroblastonta in the Rat. Perusal of the literature indicates that transplacentally-administered ENU, more than any other chemical or mode of exposure, has been associated with nephroblastoma induction, albeit sporadic, over a range of different animal types (1 I, 12).
The rat has been one of the species represented in these diverse studies, with the tumor being encountered in low numbers in different strains by Turusov et a1 (48) and Hara et a1 (8) following in ufero exposure to ENU at a late stage of gestation.
Recently, it was recognized that the inbred Nb hooded rat had a somewhat higher predisposition to the spontaneous development of nephrobla'stoma than most other strains (29) . The minimum incidence rate was estimated at 40 per 100,000 for the Nb rat as opposed to approximately 9 per 100,000 for other strains collectively. The possibility of exploiting this inherent susceptibility to nephroblastoma was tested therefore using the carcinogenic regime of choice, namely transplacentally administered ENU.
The results ofour exploratory study indicated that the Nb rat could be used as the basis of an experimental model for the induction of nephroblastoma (1 7). ENU was administered intraperitoneally to pregnant females on day 18 k 1 of gestation at several dose levels. A rate of 60 mg/kg body weight proved to be virtually a median lethal dose for the progeny but was associated with a 50% overall incidence of lesions classifiable as nephroblastomas in male and female offspring. Although a higher frequency would be desirable for sequential analysis, this is probably sufficient for examining pathogenesis, and certainly for planning studies which could delineate the specific stage of fetal kidney development vulnerable to the carcinogen's action.
The tumors induced in this study conformed morphologically to our earlier reports of rodent nephroblastoma (28, 29), consisting of homogeneous populations of highly basophilic, epithelioid blastemal cells with the potential for organoid differentiation into epithelial structures such as tubular and glomeruloid profiles, but not into neoplastic secondary mesenchyme ( Fig. 8) . Many of the lesions were quite small and clearly showed origin in the outer cortex, often subcapsularly. The small foci were entirely blastemal in type ( Fig. 9 ), but differentiation into primitive tubules and glomeruloid bodies was associated with increase in size to large dimensions. Blastemal cells could also be spindle-shaped and organized into fascicles, but this was a conformational change quite distinct from neoplastic secondary mesenchyme as exemplified by RMT.
In a parallel study (1 7), the carcinogenic effects of DMN were monitored by dosing Nb progeny as neonates. True to the experience with other strains of rat, this strategy induced no nephroblastomas but approximately a 50% incidence of RMT. The parallel induction of nephroblastoma and RMT in the same strain of rat by two different chemicals emphasized the distinctions between these unrelated Vol. 14, No. 1, 1986 EXPERIMENTAL RENAL CARCINOGENESIS 119 but often confused tumor entities. The characteristic features of each type are contrasted in Table 11 .
Essentially the distinctions relate to differences in cellular composition, site of origin within the kidney, and mode of growth. Thus the hallmark of nephroblastoma is the epithelioid stem cell producing clusters or sheets of blastema which can differentiate into profiles ofprimitive tubules and glomeruloid bodies as a function of the neoplastic process. The heterogeneous range of connective tissue cell types typical of RMT contrasts with nephroblastoma and there is no epithelial or blastemal component in RMT which represents a neoplastic element. As indicated earlier, the epithelial profiles in RMT represent surviving remnants of pre-existing nephrons and epithelial lining, an aspect which is absent from rat nephroblastoma. Based on the studies discussed in this review, the precise site oforigin within the kidney appcars to separate the tumor types further. Most RMT are first identifiable in zone 2 of the rat kidney, that is the outer stripe of the outer medulla, whereas nephroblastoma in our recent study, most frequently arose at a subcapsular location in zone 1 , the cortex proper. The subsequent mode of growth also serves to distinguish the neo-plasms. Nephroblastoma has the typical circumscribed form of an epithelial tumor with clear demarcation from the surrounding parenchyma. On the other hand, RMT characteristicalIy has an irregular outline poorly demarcated from the surrounding parenchyma due to the absence of a capsule or pseudocapsule and the insinuation of tumor cells between the nephrons resulting in progressive sequestration of the pre-existing tubules and glomeruli. In keeping with the histological forms of the two entities, nephroblastoma is believed to be derived from metanephrogenic blastema, while RMT is known to originate.from an interstitial cell of mesenchymal type in the mature kidney.
N-Elliyltiitrosoiirea-Induced Nephroblastotiia in the Rabbit. Through the research efforts of Fox and
his associates at the Jackson Laboratory (5-7), a potent system for inducing nephroblastomas has emerged in the rabbit. These investigators found that the transplacental administration of ENU to partially inbred strains of rabbit developed at the Jackson Laboratory, the IIIVO/J and WHIJ strains, resulted in a high incidence of renal tumor formation in the offspring. Renal neoplasia occurred regardless ofwhether the carcinogen was administered
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TOXICOLOGIC PATHOLOGY to the dam as a single injection (S), as multiple low systemic doses (7) , or as a combination of the precursor amide, ethylurea, and nitrite by the oral route (6) . Initially, the induced renal tumors were identified as a diverse group of renal tubular cystadenomas, cystadenocarcinomas, and nephroblastomas with Wilms' tumor features. However, a recent histological re-evaluation of the tumors produced in the series of experiments showed that every one was in fact a nephroblastoma (26). Furthermore it became evident that the IIIVOIJ strain in particular was extraordinarily prone to the induction of nephroblastoma by ENU. With a single dose of 60 mg/kg body weight given intraperitoneally to the pregnant doe on day 18 of gestation a nephroblastoma incidence exceeding 90% was induced in the IIIVO/J offspring. Tumor development was surprisingly rapid, the latency period averaging 3 to 5 months. In addition, the neoplasm demonstrated a potential for metastasis, this occurring in about 25% ofcases (26).
From the histological standpoint, these tumors were consistent with the predominant form of Wilms' tumor in man. At both the light (26) and electronmicroscopic levels (27), the neoplasms proved to be exclusively epithelial in nature. As in the rat, the hallmark was the presence of clusters or sheets of undifferentiated blastema-like tissue and difkrentiation along the epithelial pathway into tubular profiles, and often, primitive non-vascularized glomeruli (Fig. 10) . Electronmicroscopy confirmed the identity of the glomeruloid bodies as genuine attempts at glomerular differentiation. They consisted of invaginated clusters of small podocyte-like cells with a profusion of cytoplasmic extensions resembling foot processes ( Fig. 1 l) , interspersed with homogeneous areas of basement membrane continuous with that surrounding the entire body. Identical structures have been described in human Wilms' tumor (44) . Additional features of rabbit nephroblastoma were noted with increasing age of the animal. These were islands of squamous differentiation, foci of dysplastic tubules characterized electronmicroscopically by the production of an interstitial matrix which consisted solely of multilamellated basement membrane, increasing fibrocollagenous reaction within the tumors, and a tendency for fascicular disposition of tumor cells. The latter could have been 'interpreted as bipotential differentiation into secondary mesenchyme, but ultrastructurally, the spindle cells comprising fascicles were blastemal in type and organized into trabeculae which, by virtue of the basement membrane coat, internal lumina, and intercellular junctbns, were suggestive of abortive tubule formation. Thus the Wilms'-like features of rabbit nephroblastoma were FIG. 1 1. -Electronmicrograph ofa glomeruloid body in ethylnitrosourea-induced rabbit nephroblastoma. The body is an organized structure compatible with attempted glomerular differentiation, consisting of podocyte-like cells with a profusion of cytoplasmic extensions reminiscent of foot processes, and prominent intercellular junctions. x 5,500. (Reproduced with permission from Elsevier Sciencc Publishing Co. [ 1 11.) misleading, representing conformational changes associated with the increasing fibrocollagenous stromal reaction to the tumor tissue.
The similarities of ENU-induced nephroblastoma in the IIIVO/J rabbit with respect to histology, ultrastructure, rapid induction during pre-adolescence and the potential for malignancy indicate that this is an appropriate animal model for the predominant, epithelial form of Wilms' tumor in man. Unfortunately, the strain is no longer commercially available from the original source, and as yet, private concerns have had little success in breeding the few remaining specimens. Hopefully the strain will be revived as the unique application of this animal to research in renal carcinogenesis is quite clear.
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